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Cdc37 is a kinase-associated molecular chaperone whose function in concert with Hsp90 is essential for
many signaling protein kinases. Here, we report that mammalian Cdc37 is a pivotal substrate of CK2 (casein
kinase II). Purified Cdc37 was phosphorylated in vitro on a conserved serine residue, Ser13, by CK2. Moreover,
Ser13 was the unique phosphorylation site of Cdc37 in vivo. Crucially, the CK2 phosphorylation of Cdc37 on
Ser13 was essential for the optimal binding activity of Cdc37 toward various kinases examined, including Raf1,
Akt, Aurora-B, Cdk4, Src, MOK, MAK, and MRK. In addition, nonphosphorylatable mutants of Cdc37
significantly suppressed the association of Hsp90 with protein kinases, while the Hsp90-binding activity of the
mutants was unchanged. The treatment of cells with a specific CK2 inhibitor suppressed the phosphorylation
of Cdc37 in vivo and reduced the levels of Cdc37 target kinases. These results unveil a regulatory mechanism
of Cdc37, identify a novel molecular link between CK2 and many crucial protein kinases via Cdc37, and reveal
the molecular basis for the ability of CK2 to regulate pleiotropic cellular functions.

Protein kinases play pivotal roles in controlling cellular func-
tions by phosphorylating and regulating wide varieties of pro-
teins. Protein kinases are often associated with their regulators
and substrates but are also associated with a set of proteins
called molecular chaperones. Molecular chaperones are a
group of proteins that associate with cellular proteins and
assist their proper folding and functions (41). Among many
molecular chaperones, protein kinases are most frequently as-
sociated with the 90-kDa heat shock protein (Hsp90) and
Cdc37. Hsp90 is one of the most abundant molecular chaper-
ones that plays a vast array of roles in cellular function by
associating with a wide variety of proteins (6, 8, 41, 57). On the
other hand, Cdc37 has been widely accepted as an Hsp90
cochaperone that interacts both physically and genetically with
signaling protein kinases (18, 27). In fact, many protein ki-
nases, including Raf (15, 51); Src (38); IKK (7); Cdk4 (10, 22,
53); MOK, MAK, and MRK (32); Aurora-B (23); Cdc28 (12);
and Akt (5), have been reported to interact with both Cdc37
and Hsp90 genetically or biochemically.

Cdc37 was originally identified as a candidate gene for cell
division cycle mutants in Saccharomyces cerevisiae (43). Cdc37
is an essential protein for viability in yeast (14), in Drosophila
melanogaster (9), and in Caenorhabditis elegans (19). Cdc37 was
reported to function in tight collaboration with Hsp90 (9), and
initially, Cdc37 was proposed to be a “kinase-targeting acces-
sory factor” for Hsp90 (53). Later, Cdc37 was revealed to have
molecular chaperone activity per se for certain substrates (20).
Moreover, the kinase-interacting domain without the Hsp90-
binding region of Cdc37 was shown to be nearly sufficient for
its physiological function (24). In addition, it was recently sug-

gested that there are certain Cdc37 targets other than kinases
(13, 42, 55). Thus, Cdc37 should obviously perform more tasks
than simply functioning as a stable bridge between kinases and
Hsp90 (17, 27).

CK2 (casein kinase II) is a ubiquitously expressed and evo-
lutionarily conserved pleiotropic protein kinase that is essen-
tial for viability. CK2 is constitutively active, and its activity is
independent of either known second messengers or phosphor-
ylation events (39). The levels of CK2 are elevated in a wide
variety of tumors, and CK2 can be oncogenic when overex-
pressed in animals (46), suggesting its important role in cell
growth and neoplasia (56). In addition, CK2 has been impli-
cated to be essential for many biological processes such as cell
cycle progression (40), proliferation (16), cell survival (2, 26),
oncogenic processes (46, 56), and circadian rhythms (3, 25).
Various kinds of CK2 substrates both in vitro and in vivo have
been reported (29). Surprisingly, even long years after its dis-
covery in the 1950s, molecular mechanisms by which CK2
regulates a vast array of cellular functions remain unknown.

Previously, a genetic observation of yeast suggested an inti-
mate functional relationship between CK2 and Cdc37 (4).
Moreover, Shao et al. recently suggested the importance of
phosphorylation of Cdc37 for the binding to eIF� kinase in
rabbit reticulocyte lysates (48). In this study, we found that
Cdc37 is directly phosphorylated by CK2 on highly conserved
Ser residue both in vitro and in vivo. The CK2-mediated phos-
phorylation was essential for the stable interaction of Cdc37
with a vast array of protein kinases and for the recruitment of
Hsp90 to Cdc37-kinase complexes. Furthermore, the inhibition
of CK2 in vivo diminished the phosphorylation of Cdc37 and
thus induced the destabilization of Cdc37 target kinases. Al-
together, we revealed functional regulation of Cdc37 by CK2-
dependent phosphorylation, suggesting an intriguing possibil-
ity that CK2 may influence pleiotropic cellular functions by
modulating numerous cellular Cdc37-dependent protein ki-
nases via Cdc37 phosphorylation.
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MATERIALS AND METHODS

Proteins and antibodies. CK2 was purified from porcine testes (33). Anti-
FLAG (clone M2), anti-hemagglutinin (HA) (clone 12CA5), and anti-Cdc37(C-
19) antibodies were from Sigma, Roche Molecular Biochemicals, and Santa Cruz
Biotechnology, respectively. Anti-Hsp90 antibody was described previously (21,
35). Horseradish peroxidase-conjugated secondary antibodies were from Amer-
sham Pharmacia Biotech and Santa Cruz Biotechnology.

Construction of various Cdc37 mutants. Rat Cdc37 was originally cloned by
Ozaki et al. (37), but the reported nucleotide sequence contained apparent
errors. We have recloned and resequenced rat Cdc37 cDNA from the same
source, and the corrected sequence data have been submitted to the DDBJ,
EMBL, and GenBank databases. Various mutants of Cdc37 were produced by in
vitro mutagenesis as described below. C-terminal deletion mutants were made by
introducing stop codons at indicated sites. For example, Cdc37(N093) encodes
amino acids 1 to 93 of Cdc37. N-terminal deletion mutants were constructed by
amplifying appropriate regions of Cdc37 by PCR introducing BglII sites at both
ends of the fragments. Met (ATG) in the middle of the original Cdc37 sequence
was used as a first Met codon for each of the N-terminal deletion mutants. For
example, Cdc37(D105) encodes amino acids 106 to 379 (last) of Cdc37, lacking
N-terminal amino acids 1 to 105, and the first Met of Cdc37(D105) corresponds
to Met(106) of wild-type Cdc37 [Cdc37(WT)]. The whole coding regions were
confirmed by direct sequencing for all of the mutants.

Site-directed mutagenesis. Site-directed in vitro mutagenesis was performed
essentially as described previously (30). The sense sequences of mutagenic prim-
ers used were 5�-GGAGGAGGAGCGCTAGCAGAGGCTAGG-3� for Cdc37
(N284), 5�-GACAGCCAGCTAGCTGGTTATCTGGTG-3� for Cdc37(N189),
5�-GCAGCTGCGCTAGCAGGAGCGAAGCTG-3� for Cdc37(N093), 5�-GAT
CACATCGAGGTCGCGGACGATGAGGAC-3� for Cdc37(13SA), and 5�-GA
TCACATCGAGGTCGACGACGATGAGGAC-3� for Cdc37(13SD). Sense
primers for N-terminal deletion mutants were 5�-AGTCAGATCTATGCGCA
AAAAGGAGAAGAACATG-3� for Cdc37(D105), 5�-AGTCAGATCTATGG
AGCAGGTGGCTCACCAGACC-3� for Cdc37(D206), and 5�-AGTCAGATC
TATGAAGGAGTACGAGGAGGAGGAG-3� for Cdc37(D275), and the
antisense primer with a stop codon and a BglII site was 5�-AGTCAGATCTTC
ACGCACTGATGTCTTTCTCGTT-3�.

For recombinant Cdc37 purification, BglII fragments that contain coding re-
gions of Cdc37 were introduced into a BamHI site of pGEX-6P2 (Amersham
Pharmacia) to construct glutathione S-transferase (GST)–Cdc37 fusion proteins.
For the expression of Cdc37 in mammalian cells with an HA tag, the BglII
fragments were introduced into a BglII site of pcDNA3-HA (30).

Expression plasmids for various kinases. Plasmids encoding FLAG-tagged
MOK, myc-tagged MRK, and MAK were described previously (32). Myc-tagged
Aurora-B in SR� was from Toyoshima. An XbaI-BamHI fragment of the mouse
Akt1 coding region was ligated into an XbaI-BamHI site of pFLAG-CMV2
(Sigma). An EcoRI fragment of the mouse Cdk4 coding region was ligated into
an EcoRI site of pCMV-Tag2B (Stratagene). A BamHI fragment of human Raf1
was ligated into a BamHI site of pFLAG-CMV2. The coding region of chick
v-Src was amplified by PCR with v-Src/pBabe-neo used as a template with
primers containing a NotI site (sense, 5�-ATGCGCGGCCGCAATGGGGAGT
AGCAAGAGCAAG-3�; antisense, 5�-TTTTGCGGCCGCACTACTCAGCGA
CCTCCAACAC-3�). The obtained NotI fragment was ligated into a NotI site of
p3xFLAG-CMV7.1 (Sigma). The coding regions of all these kinases were directly
sequenced and checked.

Expression and purification of various mutants of Cdc37 in Escherichia coli.
Expression in E. coli BL21-CodonPlus (DE3) RIL (Stratagene) and purification
of various mutants of Cdc37 were performed essentially as described previously
(32), with the following modifications. After reaching an A600 level of 0.7, 0.1 mM
(final) isopropyl-1-thio-�-D-galactopyranoside was added, and the cultures were
shaken for 4 h at 30°C. Final 1% bacterial protease inhibitor cocktail (Sigma) was
included in B-PER (Pierce) extraction buffer. After glutathione-Sepharose pu-
rification and tag cleavage by protease digestion, eluted Cdc37 proteins were
further purified by a ResourceQ ion exchange column (Amersham Pharmacia)
with a linear gradient of 0 to 1 M NaCl in 50 mM Tris-Cl, 1 mM EDTA, and 1
mM dithiothreitol, pH 7.4.

In vitro phosphorylation of Cdc37. Phosphorylation of Cdc37 with CK2 in
vitro was performed by incubating purified Cdc37 with purified CK2 for 60 min
at 30°C. The final composition of the phosphorylation mixture was 53 mM
Tris-Cl, 13 mM HEPES, 0.17 mM EDTA, 0.8 mM dithiothreitol, 2% glycerol,
200 mM NaCl, 17 mM �-glycerophosphate, 1.7 mM ethylene glycol-bis(�-ami-
noethyl ether)-N,N,N�,N�-tetraacetic acid (EGTA), 0.67 mM sodium orthovana-
date, 10 mM MgCl2, and 40 �M ATP including 0.1 MBq of [�-32P]ATP, 8 �g of
Cdc37, and 40 ng of CK2, pH 7.3.

Expression in mammalian cells and immunoprecipitation. COS7 cells were
cultured and transfected with mammalian expression vectors by electroporation
(31), and cell extracts were prepared as described previously (30). Extracts with
equal amounts of protein were incubated with appropriate antibodies for 12 h at
4°C with gentle rotation. A suspension of EZView protein G (Sigma) was added,
and the mixtures were further rotated for 2 h at 4°C. The immunocomplexes
were extensively washed and analyzed as described previously (32).

In vivo labeling of COS7 cells. Forty-eight hours after transfection of COS7
cells, culture medium was replaced with phosphate-free Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum and incubated for 4 h. The
medium was again replaced with fresh phosphate-free medium, and 1.85 MBq of
[33P]orthophosphate (Perkin-Elmer) per 100-mm dish was added. Cells were
incubated at 37°C for 6 h with occasional swirling. 33P-labeled cell extracts were
prepared as described above, followed by immunoprecipitation.

Inhibition of CK2 in vivo. 4,5,6,7-Tetrabromobenzotriazole (TBB), a specific
inhibitor of CK2 (44, 45), was provided by F. Meggio and L. A. Pinna (University
of Padua, Padua, Italy). COS7 cells were treated with indicated concentrations of
TBB for 16 h. For the determination of the levels of MOK and Raf1, these
kinases were expressed by transient transfection, and TBB treatment was started
at 36 h after transfection. For the determination of in vivo phosphorylation of
Cdc37, HA-Cdc37 was expressed by transient transfection, and TBB treatment
was started at 36 h after transfection in phosphate-free medium. The cells were
then labeled by adding 1.85 MBq of [33P]orthophosphate per 100-mm dish and
incubated 4 h as described above. TBB was left included during the in vivo
radiolabeling period.

SDS-PAGE and Western blotting. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed with 10 or 15% acrylamide gels.
Western blotting was performed with horseradish peroxidase-conjugated second-
ary antibodies or peroxidase-conjugated primary anti-tag antibodies, and detec-
tion was performed by using the chemiluminescent system as described previ-
ously (30). For chemiluminescent detection of alkaline phosphatase-conjugated
antibodies, CDP-Star was used according to the manufacturer’s protocol (Roche
Molecular Biochemicals).

Nucleotide sequence accession number. Sequence data for rat Cdc37 cDNA
have been submitted to the DDBJ, EMBL, and GenBank databases under
accession number AB097113.

RESULTS

Phosphorylation of mammalian Cdc37 by CK2 uniquely on
Ser13 in vitro. First, we have examined if purified mammalian
Cdc37 is phosphorylated by CK2. Recombinant rat Cdc37 was
heavily radiolabeled when incubated with [�-32P]ATP and pu-
rified CK2 (Fig. 1A and B, lane 3), indicating that Cdc37 is
phosphorylated by CK2 in vitro. Many molecular chaperones
possess ATP-dependent autophosphorylation activity, but
Cdc37 was not labeled when CK2 was omitted (Fig. 1A and B,
lane 2), showing that the observed radiolabeling was produced
by CK2-dependent phosphorylation but not by autophosphor-
ylation of Cdc37.

To determine the CK2-mediated phosphorylation site(s)
within Cdc37, we made a series of N-terminal and C-terminal
deletion mutants of Cdc37. All of the recombinant Cdc37 de-
letion mutants migrated at positions with expected molecular
masses (Fig. 1C). The C-terminal deletion mutants Cdc37,
Cdc37(N284), Cdc37(N189), and Cdc37(N093) were well
phosphorylated by CK2, like Cdc37(WT) (Fig. 1D, lanes 1 to
4). On the other hand, the N-terminal deletion mutants
Cdc37(D105), Cdc37(D206), and Cdc37(D275) were not phos-
phorylated by CK2 (Fig. 1D, lanes 5 to 7). The results, which
were schematically summarized in Fig. 1E, clearly indicate that
the phosphorylation site(s) of Cdc37 by CK2 locates in the
N-terminal region of Cdc37, amino acids 1 to 93.

The N-terminal region (amino acids 1 to 93) of rat Cdc37
contains 3 serines and 2 threonines. All of them are clustered
in the most N-terminal region of Cdc37 (amino acids 1 to 30),
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and this region shows the highest conservation between species
(Fig. 2A). One of these serines, Ser13 of rat Cdc37 (Fig. 2A),
is followed by a conserved stretch of acidic amino acids, mak-
ing Ser13 a consensus sequence motif for CK2 phosphoryla-
tion. To show that Ser13 of Cdc37 is the CK2 phosphorylation
site, we made two point mutants in which Ser13 was changed
into Ala [Cdc37(13SA)] or Asp [Cdc37(13SD)]. As shown in
Fig. 2C, CK2 phosphorylated Cdc37(WT) (lane 1) but not
Cdc37(13SA) (lane 2) or Cdc37(13SD) (lane 3), indicating that
Ser13 of Cdc37 is the sole phosphorylation site by CK2 in vitro.

Ser13 is the unique phosphorylation site of Cdc37 in mam-
malian cells. Next, we examined whether the same site is
phosphorylated in vivo. Cdc37(WT), Cdc37(13SA), or
Cdc37(13SD) with an HA tag was expressed in COS7 cells.
The expression levels of both mutants were essentially the
same as that of Cdc37(WT) as determined by Western blotting
of cell extracts (Fig. 2D). Transfected cells were labeled with
[33P]orthophosphate, and Cdc37 was immunoprecipitated with
anti-HA antibody. The immunocomplexes were analyzed by
SDS-PAGE and 33P autoradiography. As shown in Fig. 2E,
Cdc37(WT) was indeed phosphorylated in vivo (lane 2). On
the contrary, neither Cdc37(13SA) nor Cdc37(13SD) was
phosphorylated at all (Fig. 2E, lanes 3 and 4). The results
clearly indicate that Ser13 is the unique phosphorylation site of
Cdc37 in mammalian cells and strongly suggest that Cdc37 is
phosphorylated in vivo by CK2.

Protein kinase domain of MOK is essential for the stable
association with Cdc37. We then investigated the functional
importance of the phosphorylation of Cdc37 by CK2. The
principal physiological function of Cdc37 is its ability to inter-
act with protein kinases. As a Cdc37 target kinase, we first
chose MOK, a member of the MAP kinase superfamily (30).
The association of MOK with Cdc37 and Hsp90 was reported
previously (32). MOK consists of an N-terminal kinase domain
and a C-terminal tail without a known functional motif. We
have determined the region of MOK that is responsible for the
stable association with Cdc37. A series of deletion mutants of
MOK were expressed in COS7 cells and immunoprecipitated.
Almost equal amounts of the wild type and deletion mutants of
MOK, except MOK(N107), were expressed and immunopre-
cipitated as shown by Western blotting (Fig. 3A). The unstable
characteristic of MOK(N107) was previously described (32).
The binding of coimmunoprecipitated endogenous Cdc37 was
revealed by Western blotting (Fig. 3B). Wild-type MOK (lane
2) and MOK(N285) (lane 5) were strongly associated with
Cdc37, and MOK(N178) was associated with Cdc37 moder-
ately (lane 4). None of the N-terminal deletion mutants, in-
cluding MOK(D8-078), MOK(D8-195), or MOK(D8-309), was
associated with Cdc37 (Fig. 3B, lanes 6 to 8). The results, which
were schematically summarized in Fig. 3C, clearly indicate that
the C-terminal tail region of MOK was dispensable for Cdc37
binding, whereas even the shortest deletion in the N-terminal
protein kinase region abolished the Cdc37 association. In other
words, the protein kinase domain of MOK is essential for the
stable association with Cdc37.

FIG. 1. Phosphorylation of Cdc37 by CK2 in vitro. Purified recom-
binant rat Cdc37 was incubated with or without purified CK2 in the
presence of radiolabeled ATP. (A and B) The phosphorylation mix-
tures were analyzed by SDS-PAGE followed by CBB staining (A) or by
autoradiography (B). Lane 1, CK2; lane 2, Cdc37; lane 3, CK2 and Cdc37.
(C and D) Phosphorylation of various deletion mutants of Cdc37 by
CK2 in vitro. Various deletion mutants of recombinant Cdc37 were
incubated with CK2 in the presence of radiolabeled ATP in vitro. The
phosphorylation mixtures were analyzed by SDS-PAGE followed by
CBB staining (C) or autoradiography (D). Deletion mutants used were
Cdc37(N093) (lane 1) Cdc37(N189) (lane 2), Cdc37(N284) (lane 3),
Cdc37(WT) (lane 4), Cdc37(D105) (lane 5), Cdc37(D206) (lane 6),
and Cdc37(D275) (lane 7). (E) The structures of Cdc37 deletion mu-
tants and their phosphorylation by CK2 are schematically illustrated

with numbers of amino acids. �, phosphorylated by CK2; �, not
phosphorylated by CK2.
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Ser13 of Cdc37 is essential for the association of Cdc37 with
MOK. It is important to know whether endogenous Cdc37 is
phosphorylated in vivo and whether the phosphorylation of
Ser13 by CK2 regulates the protein kinase binding activity of

FIG. 2. Mutation in conserved Ser13 of Cdc37 abolished the phos-
phorylation of Cdc37 by CK2. (A) The alignment of amino acid se-
quences from N-terminal regions of Cdc37 for various species is
shown. The positions of three serines and two threonines are shown by
shaded boxes and asterisks. A CK2 target phosphorylation site is in-
dicated as “13” according to the amino acid number of rat Cdc37. The
names of the species are shown on the left with their GenBank acces-
sion numbers in parentheses. (B and C) Effect of Ser13 mutations of
Cdc37 on the CK2-mediated phosphorylation in vitro. Recombinant
Cdc37 and its Ser13 mutants were incubated with CK2, and the phos-
phorylation mixtures were analyzed by SDS-PAGE followed by CBB
staining (B) or autoradiography (C). Lane 1, Cdc37(WT); lane 2,
Cdc37(13SA); lane 3, Cdc37(13SD). (D and E) Mutations on Ser13
abolished the phosphorylation of Cdc37 in vivo. The equal expression
of Cdc37 and its mutants in cells was shown by Western blotting of cell
extracts with anti-HA antibody (D). The incorporation of phosphate in
vivo into Cdc37 was visualized by 33P autoradiography after immuno-
precipitation (E). Lane 1, control (nontransfected); lane 2,
Cdc37(WT); lane 3, Cdc37(13SA); lane 4, Cdc37(13SD).

FIG. 3. Protein kinase domain of MOK was essential for the bind-
ing of Cdc37. Various MOK deletion mutants with a FLAG tag were
expressed in COS7 cells and immunoprecipitated. (A) Amounts of
MOK and its mutants in the immunoprecipitates were examined by
Western blotting. Bands corresponding to deletion mutant proteins are
indicated by asterisks [except MOK(N107) (see the text)]. Lane 1,
control (not transfected); lane 2, MOK(WT); lane 3, MOK(N107);
lane 4, MOK(N178); lane 5, MOK(N285); lane 6, MOK(D8-078); lane
7, MOK(D8-195); lane 8, MOK(D8-309). (B) Associations of endog-
enous Cdc37 with the same set of MOK deletion mutants as in panel
A were examined by coimmunoprecipitation experiments and revealed
by Western blotting with anti-Cdc37 antibody. Lane marks are the
same as those for panel A. The positions of Cdc37, immunoglobulin
heavy-chain (HC), immunoglobulin light-chain (LC), and molecular
weight markers are indicated. (C) The relationship between structures
and the Cdc37 binding abilities of MOK deletion mutants is schemat-
ically illustrated. ��, binds strongly; �, binds well; �, no binding.
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Cdc37. Cells expressing FLAG-tagged MOK were labeled with
[33P]orthophosphate. MOK was immunoprecipitated, and the
phosphorylation of endogenous proteins associated with MOK
was analyzed. The identification of all MOK-associated protein
bands was precisely described previously (32). As shown in Fig.
4A, Hsp90 and Cdc37 were specifically immunoprecipitated
with MOK, and all three proteins were phosphorylated in vivo
(lane 2; compare with lane 1). This result clearly indicates that
endogenous Cdc37 is a phosphoprotein in vivo, and the phos-
phorylated form of Cdc37 possesses the protein kinase binding

activity. However, from this experiment, we couldn’t determine
whether the phosphorylation of Cdc37 on Ser13 is necessary
for the protein kinase binding.

To find a clue to the regulation of Cdc37 by CK2, we exam-
ined the effect of mutations in the CK2 phosphorylation site on
Cdc37 function. FLAG-MOK was expressed in COS7 cells
concomitantly with Cdc37(WT), Cdc37(13SA), or Cdc37(13SD).
The association of Cdc37 with MOK was examined by coim-
munoprecipitation experiments. As is the case for endogenous
Cdc37 (Fig. 3) (32), expressed HA-Cdc37 bound specifically to
MOK (Fig. 4B, lane 3). Importantly, the association of non-
phosphorylatable Cdc37 with MOK was markedly low com-
pared to that of Cdc37(WT) (Fig. 4B, lanes 4 and 5). The
amounts of immunoprecipitated MOK were equal for all of the
immunoprecipitates (Fig. 4C, lanes 2 to 5). This result indi-
cates that Ser13 is required for MOK binding activity of Cdc37.
The same conclusion was obtained from a reverse coimmuno-
precipitation experiment in which Cdc37 was immunoprecipi-
tated and the association of MOK was examined by Western
blotting (Fig. 4D; compare lane 3 with lanes 4 and 5).

Ser13 of Cdc37 is essential for the association of Cdc37 with
Raf1. Next, we examined the effect of Ser13 mutations on the
association of Cdc37 with Raf1, which belongs to the MAP
kinase kinase kinase family. Raf1 was immunoprecipitated
from cell lysates, and the associated Cdc37 was detected by
Western blotting. The Raf1-binding activity of Cdc37 was dra-
matically diminished when Ser13 was mutated to Ala or Asp
(Fig. 5A, compare lane 3 with lanes 4 and 5). The amount of
Raf1 was the same for all of the immunoprecipitates (Fig. 5B,
lanes 3 to 5). The same conclusion was obtained from a reverse
coimmunoprecipitation experiment in which Cdc37 was immu-
noprecipitated and the association of Raf1 was examined by
Western blotting. Whereas equal amounts of Cdc37 were im-
munoprecipitated (Fig. 5C), the association of Raf1 was di-
minished by Ser13 mutations of Cdc37 (Fig. 5D). These results
indicate that Ser13 is required for the Raf1-binding activity of
Cdc37. In these experiments for MOK and Raf1, the mutation
of Ser to Asp did not make Cdc37 constitutively active (Fig. 4
and 5, lane 5), indicating that simply introducing a negatively
charged amino acid does not mimic phosphorylation of Cdc37.

Ser13 of Cdc37 is important for the recruitment of Hsp90 to
protein kinase-Cdc37 complexes. Cdc37 has been reported to
have a function to recruit Hsp90 to certain protein kinases (15,
18, 27, 53). We thus examined the effect of Ser13 mutations of
Cdc37 on Hsp90 recruitment to kinase complexes. MOK or
Raf1 was expressed and immunoprecipitated, and the amounts
of endogenous Hsp90 in the kinase immunocomplexes were
analyzed by Western blotting. A specific association of Hsp90
with MOK-Cdc37(WT) complexes (Fig. 6A) or with Raf1-
Cdc37(WT) complexes (Fig. 6B) was observed (lane 3). The
association of Hsp90 with MOK or Raf1 was severely impaired
when the CK2 phosphorylation site of Cdc37 was mutated (Fig.
6A and B, compare lane 3 with lanes 4 and 5). The amounts of
immunoprecipitated MOK or Raf1 were equal for all of the
immunoprecipitates (Fig. 4C and 5B). The results suggested
that the CK2-dependent phosphorylation site Ser13 of Cdc37
is important for the recruitment of Hsp90 to protein kinase-
Cdc37 complexes.

The reduction of the Hsp90 recruitment activity of Cdc37 by
Ser13 mutations observed as described above might be a con-

FIG. 4. The CK2-phosphorylated form of Cdc37 was active in pro-
tein kinase binding. (A) Association of the endogenous phosphory-
lated form of Cdc37 and Hsp90 with MOK in vivo. FLAG-MOK and
its associated proteins were isolated by immunoprecipitation from
radiolabeled cells. Lane 1, control; lane 2, immunoprecipitation with
anti-FLAG antibody. The positions of Hsp90, Cdc37, and MOK are
shown. (B) Disruption of the CK2 phosphorylation site of Cdc37 abol-
ished the association of Cdc37 with MOK. FLAG-MOK was expressed
in COS7 cells and immunoprecipitated with anti-FLAG antibody. The
association of Cdc37 was examined by Western blotting (WB) of the
immunoprecipitates. Lane 1, control; lane 2, MOK only; lane 3, MOK
plus Cdc37(WT); lane 4, MOK plus Cdc37(13SA); lane 5, MOK plus
Cdc37(13SD). Cell extract was included in lane 6 to show the migra-
tion position of Cdc37. (C) The equality of immunoprecipitated MOK
was confirmed by Western blotting of the immunoprecipitates with
anti-FLAG antibody. Lane marks are the same as those for panel B.
The position of cross-reacted immunoglobulin heavy-chain bands is
shown by an asterisk. The position of MOK was revealed in lane 6 by
longer exposure. (D) Ser13 of Cdc37 is important for the stable asso-
ciation with MOK. Cdc37 or its mutants were immunoprecipitated and
the association of MOK was examined by Western blotting. In lane 1,
extract of cells was included to show the migration position of MOK;
lane 2, MOK only; lane 3, MOK plus Cdc37(WT); lane 4, MOK plus
Cdc37(13SA); lane 5, MOK plus Cdc37(13SD). Positions of MOK and
faint nonspecific bands (asterisk) are indicated on the right.
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sequence of less Hsp90-binding activity of Ser13 mutants of
Cdc37. We directly examined the Hsp90-binding activity of
Cdc37 by coimmunoprecipitation experiments. Cdc37 was im-
munoprecipitated, and the association of endogenous Hsp90
was revealed by Western blotting. We observed that the bind-
ing of Cdc37 to Hsp90 was not affected by the Ser13 mutations
(Fig. 6C, lanes 7 to 9). Thus, it is concluded that nonphosphor-
ylatable Cdc37 mutants can bind Hsp90 but cannot fetch
Hsp90 for protein kinases as a result of the reduced kinase
binding of Cdc37.

Inhibition of CK2 in vivo decreased the intracellular
amounts of Cdc37-dependent protein kinases. Next, we exam-
ined whether specific inhibition of CK2 in vivo suppresses the
Cdc37 phosphorylation and reduces the amounts of protein
kinases that are dependent on the molecular chaperone activ-
ity of Cdc37. To inhibit CK2 activity in vivo, we treated cells
with TBB, a specific chemical inhibitor of CK2. Specificity and
effective doses of TBB on CK2 activity both in vivo and in vitro
were previously precisely described (44, 45). COS7 cells were
treated with increasing concentrations of TBB for 16 h and
then labeled with [33P]orthophosphate. In vivo phosphoryla-
tion of Cdc37 was determined by immunoprecipitation of

Cdc37 followed by SDS-PAGE and autoradiography. As
shown in Fig. 7A, the phosphorylation of Cdc37 in vivo was
dramatically suppressed by the inhibition of CK2. The amount
of Cdc37 was not affected by TBB treatment (Fig. 7D), indi-
cating that the net phosphorylation of Cdc37 was suppressed
by CK2 inhibition. This result clearly indicates that CK2 is
mainly responsible for the in vivo phosphorylation of Cdc37;
however, we could not exclude a possibility that a minor part of

FIG. 5. Disruption of the CK2 phosphorylation site of Cdc37 abol-
ished the association of Cdc37 with Raf1. The binding of Raf1 to
Cdc37 was examined by coimmunoprecipitation experiments. (A) Raf1
was immunoprecipitated from cotransfected cell lysates, and the asso-
ciation of Cdc37 was revealed by anti-HA Western blotting (WB).
Lane 1, cell extract; lane 2, Raf1 only; lane 3, Raf1 plus Cdc37(WT);
lane 4, Raf1 plus Cdc37(SA); lane 5, Raf1 plus Cdc37(SD). (B) The
equal amount of Raf1 was immunoprecipitated from cotransfected cell
lysates. Lane marks are the same as those for panel A. (C) Cdc37 or its
mutants were immunoprecipitated from cotransfected cell lysates. The
amounts of immunoprecipitated Cdc37 were revealed by Western blot-
ting with anti-HA antibody. Lane marks are the same as those for
panel A. (D) Cdc37 or its mutants were immunoprecipitated, and the
amounts of Cdc37-associated Raf1 were examined by Western blotting
with anti-FLAG antibody. Lane marks are the same as those for panel
A.

FIG. 6. Phosphorylation of Ser13 of Cdc37 by CK2 is important for
the Hsp90 recruitment, but not for the Hsp90 binding, of Cdc37.
(A) Ser13 mutations of Cdc37 diminished the association of Hsp90
with MOK. MOK and Cdc37 were cotransfected, and MOK was im-
munoprecipitated. The association of endogenous Hsp90 with Cdc37-
MOK complexes was examined by anti-Hsp90 Western blotting (WB).
Lane 1, control; lane 2, MOK only; lane 3, MOK plus Cdc37(WT);
lane 4, MOK plus Cdc37(SA); lane 5, MOK plus Cdc37(13SD); lane 6,
cell extract to show the position of Hsp90. (B) Ser13 mutations of
Cdc37 abolished the association of Hsp90 with Raf1. The association
of Hsp90 with Cdc37-Raf1 complexes was examined by anti-Hsp90
Western blotting of Raf1 immunoprecipitates. Lane 1, cell extract;
lane 2, Raf1 only; lane 3, Raf1 plus Cdc37(WT); lane 4, Raf1 plus
Cdc37(13SA); lane 5, Raf1 plus Cdc37(13SD). (C) Phosphorylation on
Ser13 of Cdc37 was not important for Hsp90-binding activity of Cdc37.
Cdc37(WT) (lanes 3 and 7), Cdc37(13SA) (lanes 4 and 8), or
Cdc37(13SD) (lanes 5 and 9) with an HA tag was expressed in COS7
cells and immunoprecipitated with control antibody (lanes 2 to 5) or
with anti-HA antibody (lanes 6 to 9). Nontransfected cells were used as
controls (lanes 2 and 6). The coimmunoprecipitation of Hsp90 with
Cdc37 was examined by anti-Hsp90 Western blotting. Cell extract was
included in lane 1 to show the migration position of Hsp90. The
positions of molecular weight markers are shown on the left.
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Cdc37 might be phosphorylated by other protein kinases in
vivo.

Molecular chaperone activities are required for intracellular
stability of many signaling kinases. Next, we determined the
amounts of protein kinases whose expression levels are depen-
dent on Hsp90/Cdc37 function. COS7 cells expressing MOK or
Raf1 were treated with CK2 inhibitor TBB, and then the
amounts of MOK and Raf1 in cells were determined by West-
ern blotting. As shown in Fig. 7B, MOK and Raf1 were dra-
matically diminished by TBB treatment in a dose-dependent
manner. The amounts of ERK2 were not affected by TBB
treatment (Fig. 7C), suggesting that the effect of TBB was
specific for functional Cdc37-dependent protein kinases such
as MOK and Raf1. This result clearly shows that CK2-depen-
dent phosphorylation of Cdc37 is necessary for the chaperone

activity of Cdc37 that is required for the stable existence of
target kinases. Moreover, the result directly indicates that CK2
controls the intracellular levels of Cdc37-dependent protein
kinases, and the control mechanism may well be explained by
the CK2-dependent phosphorylation of Cdc37 on Ser13 that is
a prerequisite for proper protein kinase binding activity of
Cdc37.

CK2 phosphorylation of Cdc37 is essential for the optimal
binding of Cdc37 toward various protein kinases. Since CK2
plays roles in cell division, cell cycle progression, and cell
survival, we postulated that the regulation of Cdc37 by CK2
could generally be observed for Cdc37 target kinases other
than MOK and Raf1. Finally, we set up a system to examine
the specific association of Cdc37(WT) with various protein
kinases by coimmunoprecipitation (Fig. 8A to F, lane 3). Very
importantly, in this system, nonphosphorylatable forms of
Cdc37 showed lower binding activities toward all of these ki-
nases examined, including Akt, Aurora-B, Cdk4, MAK, MRK,
and v-Src (Fig. 8, lanes 4 and 5), than that of Cdc37(WT) (lane
3). Thus, we concluded that CK2 phosphorylates Cdc37 on
Ser13 and up-regulates the chaperone activity of Cdc37 to
target protein kinases universally, thus affecting pleiotropic
downstream cellular functions (Fig. 8G).

DISCUSSION

The specific activities of many protein kinases are controlled
by various mechanisms such as activating phosphorylation and
association with regulatory subunits. In addition, the amounts
of protein kinases in cells should be strictly controlled by reg-
ulating the balance between their synthesis and degradation.
The intimate collaboration between Cdc37 and Hsp90 in the
quality and quantity control of protein kinases has been re-
vealed, both genetically and biochemically (9, 20, 53). Initially
Cdc37 was simply considered a kinase-targeting subunit for
Hsp90; however, recent advances disclosed that the relation-
ship among Cdc37, Hsp90, and kinases is more complicated
than was previously believed (27). In this study, we have clearly
shown that phosphorylation by CK2 regulates the function of
Cdc37. The results suggest that Cdc37 is not a static bridge or
glue but is rather a dynamic functional component of protein
kinase complexes.

We observed that CK2-dependent phosphorylation of Cdc37
regulates the protein kinase-binding activity, but not the
Hsp90-binding activity of Cdc37. We identified the phosphor-
ylation site as Ser13 in the N-terminal region of Cdc37 both in
vivo and in vitro. Previously, it was proposed that the N-ter-
minal half of Cdc37 is responsible for the kinase binding, while
the middle region of Cdc37 is required for the Hsp90-binding
activity of Cdc37 (15, 47, 49, 50). This domain mapping agrees
well with our present results that the modification of Cdc37 at
the N-terminal extremity affected only the protein kinase bind-
ing activity of Cdc37. The mutation in Ser13 completely abol-
ished the phosphorylation of Cdc37 in COS7 cells (Fig. 2E),
indicating that no other site of Cdc37 is phosphorylated in vivo.
It should be interesting to see whether phosphorylation of
other sites of Cdc37 by other kinases can be observed in certain
types of cells or after triggering cells by certain stimulations,
such as growth factor treatment. Previously, it was reported
that CK2 binds and phosphorylates Hsp90 (33, 34). In addi-

FIG. 7. Inhibition of CK2 in vivo induced dephosphorylation of
Cdc37 and destabilization of Cdc37 target kinases. (A) Suppression of
Cdc37 phosphorylation in vivo by CK2 inhibition. Cells were treated
with 0 (lane 1), 66 (lane 2), or 166 (lane 3) �M TBB for 16 h. The
phosphorylation of Cdc37 in vivo was determined by immunoprecipi-
tation followed by SDS-PAGE and autoradiography. (B) Inhibition of
CK2 in vivo induced destabilization of Cdc37 target kinases MOK and
Raf1. MOK or Raf1 was expressed in COS7 cells, and the amounts of
MOK (lanes 4 to 6) and Raf1 (lanes 7 to 9) after treatment of cells with
0 (lanes 1, 4, and 7), 66 (lanes 2, 5, and 8), or 166 (lanes 3, 6, and 9)
�M TBB for 16 h were determined by Western blotting (WB). (C and
D) The amounts of ERK2 (C) and Cdc37 (D) were determined by
Western blotting with corresponding antibodies. Lane marks are the
same as those for panel B. The positions of molecular weight markers
(left) and corresponding proteins (right) are shown.
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tion, CK2 phosphorylates another Hsp90 cochaperone,
FKBP52, and disrupts the association between FKBP52 and
Hsp90 (31). Most of the steroid hormone receptor complexes
contain Hsp90 and FKBP52 but not Cdc37, while protein ki-
nase complexes include Hsp90 and Cdc37 but not FKBP52.

Altogether, the chaperone complexes seem to be dynamically
regulated by phosphorylation and dephosphorylation.

Although the association of Cdc37 and Hsp90 with protein
kinases has been well documented, a stereoscopic view of the
complexes has not yet been clarified. In this report, we deter-
mined that the protein kinase domain of MOK is responsible
for the binding of Cdc37. This has been reported to also be the
case for Raf1 kinase (15). In addition, the protein kinase do-
main of Raf1 (51) and MOK (32) is essential for the Hsp90
binding. Thus, Hsp90 and Cdc37 may both bind to the protein
kinase domain independently. The other possibility is that the
associations of Cdc37 and Hsp90 to protein kinases are mutu-
ally interdependent or cooperative; i.e., the binding of Cdc37
or Hsp90 to the protein kinase domain is a prerequisite for the
efficient association of the other. In this paper, we have ob-
served that the disruption of the protein kinase binding activity
of Cdc37 by Ser13 mutations inhibited the association of
Hsp90 with kinases, whereas the association between Hsp90
and Cdc37 was not affected. The simplest explanation for this
finding is that Cdc37 bridges between kinases and Hsp90; how-
ever, the precise structural analysis of the complexes will be
required to solve the stereoscopic relationship among Cdc37,
HSP90, and kinases.

CK2 is one of the most conserved protein kinases (16), and
the CK2 phosphorylation site of Cdc37 is evolutionarily con-
served in all eukaryotic species (Fig. 2A). Thus, the regulation
of Cdc37 by CK2-mediated phosphorylation should be con-
served from S. cerevisiae to human. In fact, a yeast strain with
the cdc37-34 allele was reported to encode a Cdc37 mutant
where Ser14 of Cdc37 (corresponding to Ser13 of mammalian
Cdc37) was replaced by leucine, and this mutation was re-
ported to cause growth arrest at a nonpermissive temperature
(11). The cdc37-34 allele was also shown to be defective in the
activation of the MAP kinase kinase kinase family member
Ste11 (1) and that of the tyrosine kinase v-Src (11).
Bandhakavi et al. reported the identification of Cdc37 as a
multicopy suppressor of a temperature-sensitive allele of CK2
in yeast and analyzed their genetic interaction in detail (4). All
of these genetic observations in yeast can well be explained by
our present finding showing that CK2-dependent phosphory-
lation of Ser13 is of conserved and physiological importance
for the molecular chaperone activity of Cdc37. Shao et al.
reported that Ser13 of Cdc37 is phosphorylated and the mu-
tation of Ser13 disrupts Cdc37 recruitment to complexes be-
tween Hsp90 and heme-regulated eIF2� kinase in rabbit re-
ticulocyte lysate (48). Thus, in combination with our data for
MOK, Raf1, Akt, Aurora-B, Cdk4, MAK, MRK, and v-Src, it
is natural to consider that all of the kinases that are targets for
Cdc37 should be regulated by CK2-dependent phosphoryla-
tion of Cdc37 on Ser13 in various types of cells.

Many cellular functions modulated by CK2 have been de-
scribed (2, 16, 26). Our results here identify a regulatory mech-
anism of molecular chaperone Cdc37 by CK2. This implicates
a novel type of expanding signaling in which multiple kinases
are regulated indirectly by CK2 via Cdc37 (Fig. 8G). The
number of signaling protein kinases and other functional mol-
ecules that are dependent on Cdc37 has been increasing (27).
Thus, we suggest an intriguing possibility that CK2 influences
pleiotropic cellular functions by modulating numerous cellular
Cdc37-dependent protein kinases by phosphorylating Ser13 of

FIG. 8. The CK2 phosphorylation site of Cdc37 is essential for
efficient binding to multiple signaling protein kinases. Protein kinases
were expressed in COS7 cells with Cdc37(WT), Cdc37(13SA), or
Cdc37(13SD). Protein kinases were immunoprecipitated, and the
binding of Cdc37 was revealed by Western blotting. (A) Akt; (B) Au-
rora-B; (C) Cdk4; (D) MAK; (E) MRK; (F) v-Src. Lane 1, cell extract
to show the position of Cdc37; lane 2, control (kinase only); lane 3,
kinase plus Cdc37(WT); lane 4, kinase plus Cdc37(SA); lane 5, kinase
plus Cdc37(SD). (G) A schematic illustration of the expanding signal
transduction from CK2 to multiple protein kinases via Cdc37 is shown.
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Cdc37. The enhanced activity of CK2 induces increased phos-
phorylation of Cdc37, which is essential for the chaperone
activity of Cdc37 toward a variety of targets, leading to higher
stabilities and activities of many protein kinases whose func-
tions are dependent on functional Cdc37. Consequently,
Cdc37 target kinases can be fully activatable by appropriate
specific activators. This may be a reason why CK2 is apparently
involved in many cellular signaling systems. A large number of
cellular substrates that are phosphorylated by CK2 have been
reported (29), and substrates other than Cdc37 should also be
involved in the pleiotropy of physiological roles of CK2.

It is notable that the overexpression of Cdc37 (52, 54) or
CK2 (56) can be oncogenic in mice. As the list of Cdc37-
dependent proteins includes many tumorigenic kinases, such as
Src, Raf1, and Akt, higher activity of CK2 would indirectly
support the neoplastic activity of these protein kinases via
Cdc37. The inhibition of multiple Hsp90-dependent kinases by
a specific inhibitor, geldanamycin, has been demonstrated to
be effective for anticancer chemotherapy (28, 36). Thus, direct
inhibition of Cdc37, or inhibition of Cdc37 indirectly by inac-
tivating CK2, can be a possible way to suppress multiple on-
cogenic target kinases simultaneously to achieve an anticancer
effect.
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